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Abstract

Predicting the distribution of Inherent Optical Properties (IOPs) in the water column requires predicting the physical,
chemical, biological, and optical interactions in a common framework that facilitates feedback responses. This work focuses
on the development of ecological and optical interaction equations embedded in a 2D hindcast model of the shallow water
optical properties on the West Florida Shelf (WFS) during late summer/fall of 1998. This 2D simulation of the WFS
includes one case with a Loop Current intrusion above the 40-m isobath and one with the Loop Current intrusion in
addition to a periodic terrestrial nutrient supply below the 10-m isobath. The ecological and optical interaction equations
are an expansion of a previously developed model for open ocean conditions (Bissett, W.P., Carder, K.L., Walsh, J.J.,
Dieterle, D.A., 1999a. Carbon cycling in the upper waters of the Sargasso Sea: II. Numerical simulation of apparent and
inherent optical properties. Deep-Sea Research, Part I Oceanographic Research Papers, 46 (2), 271-317; Bissett, W.P,
Walsh, J.J., Dieterle, D.A., Carder, K.L., 1999b. Carbon cycling in the upperwaters of the Sargasso Sea: I. Numerical
simulation of differential carbon and nitrogen fluxes. Deep-Sea Research, Part I Oceanographic Research Papers, 46 (2),
205-269). The expansion includes an increase in the number of elemental pools to include silica, phosphorus, and iron, an
increase in the number of phytoplankton functional groups, and a redevelopment of the Dissolved Organic Matter (DOM)
and Colored Dissolved Organic Matter (CDOM) interaction equations. It was determined from this simulation that while
the Loop Current alone was able to predict the water column conditions present during the summer, the Loop Current
alone was not enough to simulate the magnitude of optical constituents present in the fall of 1998 when compared to
satellite imagery. Simulating terrestrial inorganic and organic nutrients and CDOM pulses coinciding with significant
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meteorological events and high freshwater pulses released from the major rivers feeding the WFS were required to
accurately predict the distribution and scale of the inherent optical properties at the surface during the fall months.
Modeling the in situ light field for phytoplankton growth and community competition requires addressing the CDOM
optical constituent explicitly. The majority of the annually modeled CDOM on WFS was created via in situ production;
however, it was also rapidly removed via advection and photochemical destruction. A pulse of terrestrial nutrient and
organic color was required to simulate the dramatic changes in surface color seen in satellite imagery on the WFS. The
dynamics of the biogeochemical portion of the simulation demonstrate the importance of nonstoichiometric supplies of

terrestrial nutrients on the WFS to the prediction of nutrient and CDOM fluxes.

© 2004 Elsevier B.V. All rights reserved.
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USA; Florida; Gulf of Mexico; West Florida Shelf

1. Introduction

The color and clarity of the water column is
directly attributed to the depth-dependent distribution
of the mass of particulate and dissolved matter and
its associated optical properties, i.e., the inherent
optical properties (IOPs) of the water column. The
biochemical mass in the water column can be broken

down into constituent parts of living organic

(viruses, bacterioplankton, phytoplankton, zooplank-
ton, fish, mammals, etc.), nonliving organic [Dis-
solved Organic Matter (DOM), detritus, marine
snow, etc.], nonliving inorganic (elements, salts,
and sediment), and water itself. Of these mass
constituents, the sum of bacterioplankton, phyto-
plankton, DOM, detritus, marine snow, sediments,
and the water itself composes the greatest impact on
water column color and clarity (Gordon et al., 1983;
Mobley and Stramski, 1997; Stramski and Mobley,
1997). Each of these constituents has a unique
optical signature, defined by its IOPs of absorption,
scattering, and scattering phase function. It is the
uniqueness of these constituent signatures that has
given rise to the ability of inverting a color signal,
e.g., satellite ocean color remote sensing, into
estimates of pigments, as an estimate of phytoplank-
ton biomass, and colored DOM as a proxy for fresh
water releases to the coastal ocean.

The inversion of an ocean color signal into the
optical constituents of phytoplankton, Colored Dis-
solved Organic Matter (CDOM), and sediments is far
less time consuming than estimating their spatial and
temporal distribution with ship surveys. However, the
remote sensing estimate may be less accurate than

simultaneously collected survey data, in part because
of the algorithms that relate water-leaving radiance to
optical constituents. These algorithms use assump-
tions about constituent optical properties and vertical
structure that may not accurately describe a given
individua! in situ sample. Yet, ocean color remote
sensing may offer a better means of estimating optical
constituents at locations and times that are not covered
by surveys (e.g., Del Castillo et al., 2001; Toole and
Siegel, 2001; Yoder et al., 2002). In particular, the
time and space interpolation between in situ samples
often masks the true variance in the distribution of
phytoplankton and CDOM. Thus, measuring the
water-leaving radiance may offer the potential to
sample the ecological state of the water column at
higher temporal and spatial frequencies than tradi-
tional in situ sampling.

Modeling efforts to forecast or hindcast the
ecological state of the water column, and the
concomitant mass constituents, often use satellite-
derived chlorophyll a estimates as a means of
validating their solutions (e.g., Bissett et al., 1994;
Gregg and Walsh, 1992; Walsh et al., 1989, 1999,
2002). These modeling efforts use a series of linked
physical, chemical, and biological equations to
approximate the myriad of ecological interactions that
exist in the ocean. The models differ in many respects
but are all fundamentally the same in that the mass of
phytoplankton is a function of the growth and
mortality processes (Riley, 1946), and that the growth
processes are a function of the “available light and
nutrients. The main differences between these eco-
logical models are in the complexity of their
interaction equations and number of mass constituents
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(state variables). At the simplest level, there are the
single limiting resource Phytoplankton—Zooplankton—
Nutrient (PZN) models (e.g., Wroblewski, 1977). At
the other end of the modeling spectrum exist models
that solve for multiple limiting nutrients with non-
stoichiometric interactions (Bissett et al., 1999ab;
Moore et al., 2001).

Validation of these ecological models can be
difficult, particularly because the solutions are directly
related to the physical circulation, which itself is
difficult to simulate. The validation of ecological
models by in situ surveys is difficult because of the
limitations and aliasing difficulties presented by large-
scale surveys. Validation of these models by remote
sensing may be the only means to adequately resolve
the temporal and spatial frequencies that are predicted
by the models.

Confirmation of ecological models using satel-
lite-derived proxies for biomass (e.g., chlorophyll)
often suffers from many of the same assumptions
and problems associated with validation by in situ
comparisons. The most commonly used satellite
algorithms often assume (1) a fixed vertical
structure and (2) a constant relationship between
biomass and chlorophyll. There are some variations
on the chlorophyll to -biomass relationship (e.g.,
Carder et al., 1999), which attempt using other
variables such as temperature as a means of
establishing optimal biomass to chlorophyll a
relationships by virtue of altering the estimated
“packaging” effects. However, the real limitation
with this validation approach is that a satellite-
derived property (which is estimated using an
algorithm with its own possible difficulties) is being
used to validate an ecological simulation with other,
frequently different, assumptions.

For modeling efforts to realistically portray the
marine environment, feedback between the physical,
chemical, biological, and optical forcing functions
must be explicitly incorporated (Bissett et al., 2001).
Most ecological simulations assume a constant
relationship between a proxy for phytoplankton
biomass, i.e., chlorophyll, and the light and nutrient
interactions that drive phytoplankton growth. This
static solution is problematic when multiple func-
tional groups of phytoplankton are responsible for
the biogeochemical alteration of nutrient and carbon
stocks. Coastal waters are particularly difficult to

model with this approach. One approach to resolv-
ing the complex interactions between light,
nutrients, and phytoplankton growth is to explicitly
resolve the feedback of these interactions on the
Inherent Optical Properties (IOPs) of the water
column (Bissett et al., 1999a,b).

By coupling these interactions explicitly, one
may also simultaneously use the light field as well
as the time-dependent change of measurable optical
properties, such as total absorption ard scattering, as
validation data. The light field may be measured
directly in situ with upwelling and downwelling
radiometers as well as via remote sensing. The
effort to develop a predictive optical/ecological
simulation starts with the prediction of the IOPs
of absorption, scattering, and scattering phase
function as characteristics of the mass constituents
of the water column. This work focuses on
developing predictive TOP simulations starting with
an attempt to hindcast the West Florida Shelf (WFS)
during the fall of 1998. Two companion papers will
follow evaluating additional modeled output data
and expanding upon results from the model runs
presented here; one will focus on the prediction of
algal species (Bissett et al., 2003) and the second
will focus on the validation of the simulated
radiance results against observed satellite radiances
(Bissett et al., 2004a).

2. Ecological background of the West Florida Shelf

For the most part, the WFS is an oligotrophic shelf

-region, with the episodic occurrences of high levels of

color resulting from nutrient and organic additions to
the shelf. These episodic occurrences result mainly
from three types of ecological events: (1) discharges
from fresh water systems that have high concentra-
tions of nutrients and organic matter (Del Castillo and
Coble, 2000; Del Castillo et al., 2000; Dragovich et
al., 1968; Gilbes et al., 1996; Kim and Martin, 1974);
(2) the Loop Current via episodic upwelling on “the
left borders of currents” (Bogdanov et al, 1967)
caused by western boundary currents (Pond and
Pickard, 1989; Tester and Steidinger, 1997); and (3)
organic nitrogen injection resulting from aeolian
supplies of iron to nitrogen-fixing cyanobacteria
(Lenes et al, 2001; Walsh and Steidinger, 2001).
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The paradox of the WFS is that it has been the site of
toxic concentrations of Karenia brevis (K. brevis,
formerly Gymnodinium breve Davis; >1x10% cells
™Yy for 42 of the last 49 years (Florida Fish and
Wildlife Conservation Commission and Florida
Marine Research Institute (FMRI); Steidinger, 2003;
per comm.), and that these Harmful Algal Blooms
(HABSs) occur in traditionally optically clear, nutrient-
poor waters. The importance of these episodic events

can be seen in the optical data as the extreme change

in the TIOPs from Jerlov-type I-1II (i.e., optically clear)
waters typically found in the Gulf of Mexico (Bissett
et al., 1997) to those resulting from K. brevis bloom
conditions of >60 pg chl a 1! (Carder and Steward,
1985) with phytoplankton absorption, a,(440), and
CDOM absorption, a,(440), values of 0.2 and ~0.2
m~!, respectively. These values are an order of
magnitude greater than background values on the
WES (Del Castillo et al., 2000).

-84°010" - -83°010"

Prediction of these IOP events will require a
systematic understanding and quantification of phys-
ical, chemical, biological, and optical interactions. In
1998, as part of a joint Office of Naval Research
(ONR)/Naval Research Laboratory (NRL)/National
Oceanographic and Atmospheric Administration
(NOAA)/Environmental Protection Agency (EPA)
and State of Florida funded project-Ecology of
Harmful Algal Blooms-Florida (ECOHAB-Florida,
NOAA, EPA, ONR), Spectral Signatures of the
Littoral Zone (NRL), and the Coastal Ocean Mon-
itoring and Prediction System (COMPS, State of
Florida) studies, a series of experiments were
conducted to study phytoplankton ecology and the
biooptical properties of the West Florida Shelf (Fig.

_1). The program on the WFS had two distinct field

components. The first component was a hydro-
graphical description of the monthly water character-
istics. This first component had two parts: part A
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Fig. 1. Location of ECOHAB nutrient stations on the WFS during June 1998 with corresponding station location numbers. The lines
perpendicular to the coast are the “EcoSim 30 parallel lines” extending from the 10-m isobath to approximately 60 km from the 10-m isobath
(“entire domain”). Note—this region is smaller across the shelf than the box enclosed by the ECOHAB monthly cruises. Lines are numbered 1
to 30 from Tampa Bay to Charlotte Harbor. Location of bottom-mounted mooring EC6 (depth of 10 m) adjacent to Charlotte Harbor.
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consisted of two sets of monthly hydrological survey
cruises conducted between Tampa Bay and Charlotte
Harbor (Florida Fish and Wildlife Conservation
Commission and Florida Marine Research Institute—
ECOHAB Cruise Data, 2004) and part B consisted
of Acoustic Doppler Current Profiler (ADCP) moor-
ings and meteorological buoys operating continu-
ously during the year (University of South Florida
Coastal Ocean Monitoring and Prediction System,
2004). The second component of the experiment
occurred during October/November of that year. This
"experiment was a process study designed to hunt for
K. brevis populations via ship, satellite, aircraft, and
mooring data streams and attempt to quantify the
ecology of these populations (Mote Marine Labo-
ratory ECOHAB Cruise Flow Through Surface
Maps, 2004). These experiments were conducted
by Florida Department of Environmental Protection
(DEP), University of South Florida (USF), NRL,
University of Southern Mississippi (USM), Mote
Marine Laboratory (MML), and Florida Environ-
mental Research Institute (FERI).

Our initial development of this optical/ecological
simulation in coastal waters focuses on the WFS
during 1998, as this year contained both a large
Loop Current intrusion in the summer and heavy
fresh water flows from the Charlotte Harbor estuary
following the passages of Hurricanes Georges and
Mitch in the fall. In order to test these two potential
episodic event mechanisms on IOP formation, we
develop here a 2D physical simulation that includes
both Loop Current intrusions above the 40-m isobath
and episodic pulses of fresh water below the 10-m
isobath by utilizing CDOM as a tracer for terrestrial
inputs. We will use this 2D physical forcing to drive
an ecological/optical simulation that allows for non-
stoichiometric supply and uptake of nutrients, and
spectral light harvesting by the autotrophic commun-
ity to effect phytoplankton competition as well as the
allocthonous supply and autocthonous creation and
destruction of CDOM.

Our goal in this initial paper is to describe a set of
ecological interaction equations that incorporate
optics as a fundamental component of its structure.
As this is a model of the coastal zone, this model must
include terrestrial boundary conditions in a consistent
manner that preserves its numerical stabilities while
providing results that are directly comparable to the

available validation data streams. The goal in this
effort is to specifically avoid reductionism, which
would provide only a minimal set of interaction
equations that specifically describe this site and data
set. This effort is focused on a more broad set of
ecological equations, which may be applied to multi-
ple environments, with minimal parameter tuning,
such that its application may be robust across multiple
ecotones (transitional zones between two commun-
ities containing the characteristic species of each).
This approach will allow for a single ecological model
to be used for multiple coastal regimes within the
same simulation experiment. '

3. Methodology

This numerical study expands upon the framework
of a previously developed open ocean ecological
model, EcoSim (Bissett et al., 1999a,b). That model

-was driven by seasonal changes in spectral light,

temperature, and water column mixing. The previous
model was modified to generate a coastal ocean
ecological simulation examining the ecological and
optical properties on the West Florida Shelf. The key
highlights of this expanded model are (1) nonstoi-
chiometric elemental cycling through (2) multiple
functional groups of phytoplankton, which are
described by (3) explicit descriptions of their spectral
inherent optical properties that are (4) allowed to
change as a function of cellular light and nutrient
exposure. In addition, the model includes (5) explicit
descriptions of multiple classes of dissolved organic
matter and colored dissolved organic matter as well as
their spectral inherent optical properties. The explicit
inclusion of spectral inherent optical properties (IOPs)
allows for a more robust description of the available
light field for ecological cycling of elements as well as
to provide additional simulated data by which to
substantiate the model. The model (referred to as
EcoSim) has been expanded for this coastal applica-
tion to include seven functional groups of phyto-
plankton. Other major changes include the expansion
of the number of elements from two (carbon and
nitrogen) to five (carbon, nitrogen, silica, phosphorus,
and iron). The model is described mathematically in a

separate technical document due to space limitations
(Bissett et al., 2004b).
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3.1. Dissolved organic matter

This paper secks to use color as a validation data
set for the sum total of ecological cycling on the WFS.
In the coastal zone, color is frequently dominated by
the dissolved organic pool, and this effort seeks to
describe the cycling of this organic pool as part of a
larger ecological and optical effort. DOM can be
thought of as a temporary storage pool for the cycling
of elements between inorganic and particulate organic
phases. The residence time of the elements in this pool
can be >1000s of years (Williams and Druffel, 1987),
months to years (Carlson, 2002), or <1 day (Carlson
and Ducklow, 1996; Carlson et al., 1996). Part of the
problem in attempting to address this pool is that it
undergoes constant biological and chemical trans-
formations, resulting from heterotrophic and photo-
chemical processes that strip easily accessible energy
and elements from freshly produced DOM. This
results in a pool of material that is amorphous, with
little physical description from the field other than
total elemental quantities of material that pass through

"a 0.2-um filter (Carlson, 2002).

There are a few things that are definitively known
about the cycling of DOM. First, bacteria use DOM
as an energy source, regenerating inorganic carbon,
nitrogen, and phosphorus in the process (Banse,
1995; Carlson and Ducklow, 1996; Goldman et al.,
1987; Kirchman et al., 1989, 1990). Second, as labile
energy and elements are removed, the residence time
~of the remaining material gets longer. Third, ele-
mental forms of nitrogen and phosphorus can be
taken from DOM by bacteria and phytoplankton
without measurable transition through inorganic
phases, e.g., phosphorus-based growth without meas-
urable increases in DIP (Mulholland et al., 2002).
Fourth, older, biologically refractory DOM typically
has a lower fraction of nitrogen and phosphorus per
unit carbon than does DOM produced from primary
production, suggesting that the nutrients of nitrogen
and phosphorus are preferentially removed during
the biological transformation of DOM (Clark et al.,
1998).

DOM is modeled in this simulation with these
known' attributes by using two forms of DOM, a
semilabile form that represents material with turnover
times on order of days to weeks (the average residence
time of this semilabile pool given the parameters

selected for this simulation is approximately 44 days)
and a relict form with turnover times greater than the
length of our simulation (>10s of years; Hansell and
Carlson, 2002). All primary and secondary produced
DOM in the model pass through the labile pool. The
relict pool is created during bacteria reprocessing of
the labile pool. The relict form is analogous to a
permanent sink of elements from our model. The
exception to this permanent sink rule is that the
colored component of the relticc DOM pool can be
photochemically transformed from the relict CDOM
pool and placed into the inorganic pools and labile
DOM pool.

In coastal environments that receive terrestrial
runoff, a significant fraction of the total terrestrial
supply of bioavailable nutrients may be in DOM form.
To address the issues of variations in the time-
dependent ratios of elemental composition in the
DOM pool, the elements of carbon, nitrogen, and
phosphorus are carried as independent state variables
in both the labile and relict pools (there is no assumed
pool of dissolved organic silica or iron).

An added complexity about DOM is that some
fractions of the molecular bonds within the amor-
phous organic pool are light absorbing. On the WFS,
CDOM is a major component (Carder et al., 1989; Del
Castillo et al., 2000; Gilbes et al., 1996; Steward et al.,
1978) to the attenuation of light in the water column.
Modeling the in situ light field for phytoplankton
growth and community competition requires address-
ing this optical constituent explicitly. There is often a
delineation in the study of DOM between total DOM
and CDOM as the pools appear to be coupled but not
necessarily tightly (Del Castillo et al., 2000; Rochell-
Newall et al., 1999). The sources and sinks of DOM
and CDOM are coupled through the processes of
formation, photolysis, photooxidation, and heterotro-
phic use; however, there is no simple linear trans-
formation function that can be used to relate one to the
other (Vodacek et al., 1997). Using laboratory studies
on the cycling of CDOM and DOM (e.g., Miller and
Zepp, 1995; Moran et al., 2000), the chromophoric
pool of DOM can be described as a separate state
variable tied to the cycling of DOM. The added
advantage of directly modeling CDOM is that it
provides an additional validation data set for the
physical model as well as the ecological model
because there is a nearly linear relationship between
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salinity and CDOM absorption near the terrestrial
outflow areas (e.g., Del Castillo et al., 2000). While an
exact relationship is dependent upon the drainage
area, the linearity is driven by the fact that the process
of physical mixing occurs at rates that are greater than
the rate of formation and destruction.

As an aside, in this model, there are two forms of
colored degradational material, colored dissolved
organic carbon (CDOC;) and CDOC,. These are
tracked as state variables, which are in total called
colored degradational material (CDM). It is assumed
here that the carbon associated with this color pool
may act as a good proxy for all of the degradational
colored matter. There is some debate within the color
community as to the veracity of this assumption.
However, inverse methods for determining absorp-
tion from satellite-derived ocean color (e.g., Sea-
WIiFS) are not routinely capable of differentiating
between CDOM and detrital absorption and therefore
estimate the sum of all colored degradational
material (Nelson et al., 1998; Siegel et al., 2002).
In addition, field studies suggest that detrital
particulate absorption constitutes only a small frac-
tion of the total CDM absorption. For these reasons,
the term CDM is used when referring to the
combined simulation of CDOC; and CDOC, and
may be compared against the total color associated
with observed CDOM in this manuscript.

3.2. Optical properties

This paper uses optical properties and satellite-
derived estimates of optical properties as its major
source of validation data. Light may be considered
similar to nutrients in that the ecological dynamics
help determine the quantity and spectral quality of
the downwelling photon density. The spectral
photon density in turn drives positive and negative
feedbacks within the individual components of the
ecosystem. As mentioned above, light harvesting by
phytoplankton is assumed to be a function of the
available downwelling energy at depth. Since light
energy is attenuated at different rates depending on
the wavelength, the depth-dependent photosyntheti-
cally available radiation is spectrally variable. Here,
photon density and harvesting were explicitly
calculated at 5-nm intervals. This formulation allows
for the differentiation of phytoplankton by the

pigment suites and spectral photosynthetic efficien-
cies, providing competitive advantages to those
species that can optimize light absorption and
photochemical conversion at different depths and
color zones.

In this model, an explicitly defined suite of IOPs
was developed for each optical constituent in the
model, i.e., phytoplankton, CDOM, detritus, etc. The
time-dependent change in these mass constituents
drove the associated modifications in the coupled
IOPs. The IOPs were then used to calculate the
Apparent Optical Properties (AOPs) of downwelling
irradiance, E4(1), with a numerically efficient single
scattering approximation (Bissett et al., 1999a) as
well as remote sensing reflectance, R (1), with a
more advanced radiative transfer model (Hydrolight
4.1, Mobley, 1994). These procedures allowed us to
validate the biogeochemical simulation with in situ
optical instruments, e.g., WetLabs AC-9, as well as
spectral remote sensing products from multispectral

-satellite sensors, e.g., SEA-viewing Wide Field-of-

view Sensor (SEAWiFS) and Moderate resolution
Imaging Spectroradiometer (MODIS), and hyper-
spectral aircraft sensors, e.g., AVIRIS (Airborne
Visible/InfraRed Imaging Spectrometer) and PHILLS
(Portable Hyperspectral Imager for Low Light
Spectroscopy).

A complete mathematical description of the
model (EcoSim) is given in Bissett et al., 2004b.
The simulation’s organic and inorganic fields were
initialized as described in Table B.1. The year-
over-year change over all state variables was
>0.1% after the first year, but the simulation was
run for an additional 2 years to eliminate any
numerical transients. Fluxes at the sea surface and
the bottom were defined to be zero (details of the
bottom boundary assumptions can be found in
Bissett et al., 2004b). The fluxes at the shoreward
boundary were set to zero, with the exception of
the Charlotte Harbor pulse case where the impacts
of a pulse were simulated on Day-Of-Year (DOY)
267 (September 24th) and 309 (November S5th;
described below). The gulf-side boundary condi-
tions change seasonally and were derived from the
1998/1999 ECOHAB cruises on the WFS (Fig.
A.1). All the partial differential equations were
solved explicitly with a forward-in-time, centered-
in-space method (O’Brien, 1986).
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The physical description of the 2D circulation
fields were calculated as a response to surface winds
and cross-shelf density gradients in the presence of
bottom momentum stresses and horizontal diffusion.
Advection of momentum is ignored, and the cross-
shelf density gradient is a prescribed term independent
of depth and the offshore coordinate. The formulation
for the circulation submodel can be found in
Appendix B. The flows were identical in the shore-
ward pulse and the nonpulse case.

3.3. Shoreward boundary conditions

It became evident in some of the early simulation
analyses, that an explicit inclusion of shoreward
boundary conditions was required to predict the
color on the WFS. In order to reproduce these
required shoreward boundary conditions, nutrient
data for the Charlotte Harbor region were collected
and analyzed from the following agencies: Environ-
mental Protection Agency’s Office of Water Quality
Storage and Retrieval (STORET) Database, Florida
International University’s Southeast Environmental
Research Center, US Geological Survey (USGS)
Water Quality for the Nation, US Army Corps of
Engineers, Southwest Florida Water Management
District, South Florida Water Management District,
and The University of South Florida’s ECOHAB
Cruises. Data were collated in time and space and
were placed in a geographical information system
(GIS) database for retrieval.

The incorporation of shoreward boundary con-
ditions is significant because terrestrial nutrient
concentrations [Dissolved Organic Nitrogen (DON),
Silica (Si0,), Dissolved Organic Phosphorus (DOP),
Nitrate (NO3'), and Orthophosphate (0-PO4)] and
color constituents (CDOM and sediments) were
greater in rivers and estuaries flowing onto the
WES than the concentrations of these materials at the
offshore boundary. The flux of nutrients at the
boundary is paramount to the model solution. On
the WFS, the stoichiometry of the boundary flux also
provides critical habitat differences. In particular, the
shoreward nitrogen and phosphorus fluxes were
dominated by different forms and at different
proportions than the offshore boundary conditions.
At the shoreward boundary, it was determined that,
in over 57% of the cases, total organic nitrogen was

the major contributor (>90%) to the TN concen-
tration (in 95% of the cases, TON represented over
50% of the TN concentration). This finding demon-
strates the significant contribution organic nitrogen
makes to the concentration of TN and that its direct
inclusion in any modeling effort is therefore crucial
to precisely and accurately model the ecological
dynamics of the WFS.

The relationship between TP and TOP was
different, as 0-PO4 constituted a much larger
proportion of TP. TOP was the major contributor
(>90%) to the TP concentration in only 11% of the
cases. It was still a significant fraction, as in 49.8%
of the cases, TOP represented over 50% of the TP
concentration. This is to be expected in this
location, as elevated inorganic phosphate concen-
trations are a unique feature of the Peace River
drainage basin, for this basin includes the Haw-
thome Phosphatic Formation. Inorganic phosphate
concentrations represented the majority (>50%) of
the TP concentration in 50.2% of the samples (in
13% of the cases, 0-PO4 was the major contributor
[>90%] to the TP concentration). These relation-
ships between inorganic and organic supplies of
phosphorus and nitrogen suggest that the inclusion
of organic sources of nutrients (in particular nitro-
gen) as well as their relative stoichiometric supply
relationships is a requirement to accurately simulate
phytoplankton competition and assemblage specia-
tion on the WFS.

In the fall of 1998, peaks in nutrient concentration
correlated with peaks in discharges released from the
Peace River (Fig. 2; image shown is of Total
Nitrogen [TN]; however, Total Phosphorus [TP],
Total Organic Nitrogen [TON], SiO,, and NO;3 all
displayed a similar trend). For the simulated terres-
trial boundary, TP was comprised of total inorganic
phosphate and total organic phosphate. TN was
determined by the summation of TON, NO3, NO2,
and ammonia. In some instances, total carbon
concentrations were not available; instead only total
organic carbon concentrations were available. In
order to use these data, the total organic carbon
concentrations were assumed to be essentially the
same as total carbon. Due to the lack of spatial and
temporal coverage of water quality data for Charlotte
Harbor in 1998 as well as to expand the available
data set to create a more robust statistical relation-
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ship between nutrient and color concentrations as a
function of salinity, data from the year 1999 were
also included and evaluated in the creation of the
shoreward boundary condition.

The shoreward boundary (approximately the 10-m
isobath on the WES) was assumed to have a salinity of
31.5; and therefore, regression analyses of nutrient
data were interpolated at 31.5 (Table 1). Discharges
originating from stations on the Peace or Caloosa-
hatchee River with no given salinity values were
assigned a salinity of 0.5. In order to utilize ECOHAB
Process Cruise data not containing associated salinity
values, station locations from the 40-m isobath and
seaward were assigned a salinity value of 35. Data
from ECOHAB stations shoreward of the 40-m
isobath with no salinity data were omitted. Extreme
outlying data points and negative values were
excluded from evaluation.

The shoreward boundary conditions for the pulse
case were simulated by an increase in nutrient and
total color concentrations at the shoreward boundary
model cell, from the surface to a depth of 10 m,
reproducing a riverine flux. This location approx-

imates the EC-6 mooring as well as the minimum in
bottom salinity of 31.5 during 1998. An accompany-
ing freshwater flux and change in buoyancy is not
simulated in the physical solution due to the 2D
nature of this model. The physical constraints made
it impractical to hydrologically model the freshwater

Table 1

The organic and inorganic nutrients present in the Charlotte Harbor
region and on the WFS during 1998 and 1999

Data interpolated at a salinity
of 31.5 (umol I"1)

Si 9.46
0-PO, 0.512
NH, 1.309
NO, 0.947
™N 2231
TC 406.285
organic P 1.3
TP 1.812
TON 17.364
ch! (ugl™) 2512

Shoreward boundary conditions
analysis to a salinity of 31.5.

are determined by regression




208 W.P. Bissett et al. / Marine Chemistry 95 (2005) 199-233

mass. It is clear that the baroclinic flows would be
altered by these events; however, it is beyond the
scope of this effort to predict those impacts. The
shoreward boundary conditions, for the pulse case,
were simulated by the addition of the mass
constituents and concomitant optical signal, esti-
mated from Table 1 on DOY 267 and 309 (the
actual values and state variable into which these
mass constituents were added are given in Table
A.5). This is possibly a conservative estimate of the
ecologically significant mass additions to the shelf
during these periods, as the outflow events driving
the decreases in salinity would have occurred over
the course of several days (or possibly weeks) as
revealed by the bottom mounted mooring (10-m
depth) located adjacent to Charlotte Harbor (Ocedn
Circulation Group, 2004).

3.4. SeaWiFS processing

All SeaWiFS imagery processing from High
Resolution Picture Transmission (HRPT) data to
total chlorophyll, detrital and gelbstoff absorption
[a4e(412 nm)], and backscattering [by(555 nm)] was
performed at NRL-Stennis by the Ocean Sciences
Branch, Code 7330. Standard SeaWiFS protocols
were applied for calibration and navigation. Atmos-
pheric correction used a modified (Gordon and
Wang, 1994) procedure designed for coastal waters
with nonzero water leaving radiance in channels 7
(765 nm) and 8 (865 nm; Arnone et al., 1998). This
procedure iteratively solves for the correct water-
leaving radiance values in channels 7 and 8 in
coastal waters where particulate scattering may yield
significant upwelling light from the sea surface. The
data were then processed using the biooptical
algorithms for a4.(412) (Carder et al, 1999), total
chlorophyll (OC4, O’Reilly et al., 1998), and
bp(555) (Gould and Arnone, 1998).

Data, stored as one byte per pixel, were then
gridded, averaged, and binned by day. This image is
a byte-valued, 2D array of a Mercator projection of
South Florida. Each product contains one image of a
geophysical parameter and is stored in one physical
hierarchical data format file. The region of interest
on the WFS originated at the 10-m isobath and
extended approximately 60 km offshore. The boun-
dary of the region was designated by the coordinates

[(27.2957N, 83.3415W), (27.5396N, 82.7993W),
(26.2062N, 82.7200W), (26.4502N, 82.1830W)]
(Fig. 1). Lines of data were sampled at 30 equally
spaced intervals between these points using the
SeaWiFS Data Analysis System (SeaDAS). The
mean of these 30 lines (numbered from Tampa Bay
south to Charlotte Harbor) and the mean plus and
minus one standard deviation were then plotted. The
mean of lines 22-30 (near Charlotte Harbor) were
also plotted since this location is the focus of the
study.

4. Results

Fig. 3 illustrates the results from the physical
circulation model . for the months of June and
November. For 10 months of the year, the simulated
water flow was predominately down the coast, and
onshore at the bottom, offshore at the surface. This
would approximate upwelling conditions with a
Loop Current intrusion at the 40-m isobath. The
exceptions to this type of simulated flow were during
the months of April and September where up coast,
onshore at the surface, offshore at depth conditions
prevailed, approximating downwelling conditions at
the coast. These conditions for the fall of 1998
mirror a more robust 3D study of the WFS (He and
Weisberg, 2002a) and suggest that the 2D solution
may provide a reasonable estimate of the cross-shelf
flows during the summer and fall events of this
simulation.

The comparison between simulated and satellite-
derived optica! properties focuses on the days where
there were good quality SeaWiFS images for the
West Florida Shelf. The days chosen here were June
8th and November 8th. While there were other days
during the end of 1998 that provide clear satellite
imagery, the chosen days provided data of significant
ecological events that were evident in the available
in situ data (not all collected in situ data from the
region were processed and available to this research
group at the time of this publication). The June 8th
image was collected during the simulated and
measured increase in biomass resulting from the
Loop Current intrusion. The November 8th image
marked a period just after a significant pulse of
freshwater from the Peace and Caloosahatchee
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Rivers. During periods of significant discharge (in
particular, November and December), releases from
the rivers lasted several days to several weeks. The
simulation results discussed herein consist of two
separate simulation cases (from over 80), where the
only differences between Case 1 and Case 2 were the
addition of the pulse conditions on DOY 267 and
309 (Case 2), coinciding with Hurricanes Georges
and Mitch. Table 2 gives an overview of the
simulated and satellite-derived means and variances
of the IOPs across the shelf on June 8 and November
8 for the average of the SeaWiFS entire domain at
the surface, the average of the SeaWiFS Charlotte
Harbor lines at the surface, and the EcoSim Case 1
(no-pulse) and Case 2 (pulse) averaged for the top 5
m of the water column over the entire domain.

4.1. June 8—DOY 159

An upwelling event due to an intrusion by the
Loop Current prevailed over the WFS and was
detected by satellite imagery exemplified by slightly
elevated offshore detritus and CDOM absorption
[245(412 nm) Carder algorithm; Fig. 4a] and chlor-
ophyll a (OC4 algorithm; Fig. 4b) in June 1998. This
upwelling event was not apparent in the backscatter
imagery derived from SeaWiFS [b,(555 nm) Amone
algorithm; Fig. 4c]. The satellite-derived detritus and
CDOM absorption, total chlorophyll, and backscatter

Table 2

(Fig. 5a—c, respectively) averaged over the entire
domain and Charlotte Harbor lines show slightly
elevated nearshore values with a declining gradient
offshore. Slightly elevated values are noted in the
surface waters of all the simulated IOPs approxi-
mately 20 to 45 km from the shoreward boundary.
The slight elevation in the nearshore satellite-derived
CDOM signal, chlorophyll a, and backscatter are
indicative of a riverine source and are not present in
the simulated cases due to a lack of a pulse event. The
generation of slightly elevated simulated offshore
values correlates with a sampled and recorded -
chlorophyll event by the ECOHAB Process Cruise
with a maximal measured chlorophyll concentration,
6.58 mg chl m™>, recorded at ECOHAB Station 34
(26.99N, 82.7467W) at a depth of 20 m approx-

. imately 12 km from the shoreward boundary on June

11, 1998. Although the transport of this upwelled
event occurred at depth, it may have been visible in
surface satellite images; however, it was difficult to
pin point it in the satellite imagery.

No strong differences were observed between Case
1 and 2 on June 8 because this date was prior to the
simulated pulse releases (Table 2; Figs. 5 and 6). The
simulated surface and 5 m average values for Case 1
and 2 displayed fairly steady trends from nearshore to
offshore, with the magnitude of the results for the
average of the top 5 m of the water column exhibiting
greater values than at the surface (Fig. Sa—c). The

The mean and variance of simulated and satellite-derived detritus and CDOM absorption [ag, 412 nm (m™Y), Carder algorithm], Total
Chlorophyll [chl-OC4 algorithm (mg chl a m™>), and backscatter (b, 555 nm (m™!), Amone algorithm] on June 8, 1998 (DOY 159) and
November 8, 1998 (DOY 312)

June 8 (DOY 159) November 8 (DOY 312)
Entire Charlotte EcoSim EcoSim Entire Charlotte EcoSim EcoSim
domain Harbor lines Case 1 Case 2 "domain Harbor lines Case 1 Case 2
Agg Mean 0.067 0.069 0.056 0.056 0.089 0.098 0.059 0.093
Variance 6.58E-05 4.70E-05 4.69E-06 4.67E-06 2.05E-03 2.58E-03 1.31E-04 6.87E-03
chl Mean 0.954 0.906 0.497 0.503 1.104 1.426 0.628 1.008
Variance 6.92E-02 3.62E-02° 1.56E-03 1.62E-03 6.54E-01 9.26E-01 6.63E-02 9.82E-01
by Mean 0.0044 0.0040 0.0023 0.0023 0.0061 0.0104 0.0026 0.0030
Variance 6.55E-07 1.04E-06 1.38E-08 1.41E-08 2.32E-05 8.51E-05 2.63E-07 1.37E-06

Satellite-derived values for the SeaWiF$S entire domain at the surface were determined by the following coordinates: (27.2957N, 83.3415W),
(27.5396N, 82.7993W), (26.2062N, 82.7200W), (26.4502N, 82.1830W). Data were sampled at equal intervals across this domain, resulting in a
total of 30 parallel lines. The Charlotte Harbor lines were designated as lines 22 through 30, numbered from north to south. The simulated
results are for the EcoSim Case 1 (no pulse) and EcoSim Case 2 (pulse) averaged for the top 5 m of the water column over the entire domain
(region mentioned above).
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for Case 1; and (f) backscatter for Case 2 on the WFS on June 8, 1998 (calendar day 159).

slight cross-shelf gradient present in the satellite-
derived data, likely due to a spring freshwater pulse
(Fig. 2), was not simulated and hence not observed in
the modeled data. Beneath the surface layers, the

simulated absorption increased significantly, showing
peaks at both 5- and 15-m depths 30 to 60 km from
the shoreward boundary (Fig. 6a,b) corresponding to
the upwelling event. The simulated vefrtical structure

e A
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of both the total chlorophyll concentration (Fig. 6¢,d)
and backscatter (Fig. 6e,f) display similar trends with
regions of elevated values offshore at depth corre-
sponding to the upwelling event (maximal simulated
chlorophyll concentration was 3.26 mg chl a m™> and
maximal simulated backscatter value of 0.00446
m™?!). There were also simulated regions of slightly
elevated chlorophyll concentration (0.74-1.00 mg chl
a m~) and backscatter (0.00285-0.00312 m™") off-
shore less than 10 m deep.

Despite a lack of a slight cross-shelf gradient in
the modeled results, the simulated IOPs were
generally within one standard deviation of the
mean of the entire domain with the exception
offshore where the simulated surface values were
generally below this constraint. As  mentioned
above, there was no flux of nutrients and color
© from the shoreward boundary condition during this
time of the year. While the actual flows were low
out of Charlotte Harbor region compared to the
high flux events during the fall, they were not Zero
(Fig. 2), possibly suggesting the relative importance
of fresh water fluxes to the surface IOPs through-
out the year. The subsurface results revealed the
generation of an offshore upwelling event similar
to that sampled by the ECOHAB Process Cruise
on the WFS in June 1998. The spatial profile of
this modeled event appeared to be deeper and
further offshore than the recorded event, likely a
constraint of the physical forcing of the model.

4.2. November 8—DQY 312

Tropical Storm Mitch (downgraded to a Tropical
Storm from a Hurricane just before moving onshore)
made landfall on the west coast of Florida near Naples
on November 5, 1998. The Page Field Airport in Fort
Myers, Florida reported 6.05 in. of rainfall on
November 5 (http://www.nhc.noaa.gov/). This enor-
mous amount of rainfall led to massive releases from
the Peace and Caloosahatchee Rivers (Fig. 2; W.P.
Franklin Lock and Dam (S79)) over the course of
several days. OQur simulated pulse was strictly limited
to a release on November 5, possibly underestimating
the total flux of freshwater and nutrients.

With only the June Loop Current intrusion on the
WFEFS to force nutrient and color fluxes, the Case-1-
simulated results fail to replicate the cross-shelf

gradient observed by satellite imagery (Fig. 7a—c)
and ECOHAB sampling in November of 1998.
Simulated Case 1 surface and nearsurface CDOM
absorption, total chlorophyll concentration, and back-
scatter (Fig. 8a—c, respectively) remained virtually
constant across the shelf. Since no terrestrial inputs
were simulated in Case 1, simulated backscatter
remained almost static across the shelf. Simulated
subsurface results displayed negligible CDM absorp-
tion (Fig. 9a) throughout the water column. Regions
of moderately elevated chlorophyll concentrations,
2.78 to 3.94 mg chl a m~> (Fig. 9c), and backscatter,
0.0043 to 0.0048 m™' (Fig. 9¢), were present
offshore at depth with slightly less elevated values
of 5-20 km from the shoreward boundary. The

. cross-shelf gradient for the simulated no-pulse case

was minimal compared to the pulse case, reinforcing
the fact that the ecological events present during the
fall of 1998 near the shoreward boundary were likely

~ due to the input of terrestrial nutrients.

When terrestrial inputs were introduced at the
shoreward boundary, the simulated IOPs corre-
sponded well with observed results. The average
detritus and CDOM absorption estimated by Sea-
WiFS imagery showed a declining trend from
onshore to offshore (Fig. 7a). The simulated pulse
event was exemplified by a strong cross-shelf
gradient in CDOM absorption (Fig. 8a). Nearshore
at the surface, absorption (0.615 m™') exceeded the
5 m average absorption for Case 2 (0.400m™");
however, offshore, the surface absorption estimates
were slightly below the simulated 5 m average. The
simulated pulse case nearshore values were of a
greater magnitude than the average for the entire
domain and for the Charlotte Harbor lines (Table 2
and Fig. 8a—c). Yet, offshore-simulated absorption
values were more in line with the satellite-derived
absorption values over the entire domain. The
vertical structure of Case-2-simulated absorption
displayed a nearshore maximum at the surface of
0.615 m™', rapidly declining offshore with depth
(Fig. 9b, note that the scales of Fig. 9a and b are
different).

The cross-shelf trend was also observed for chlor-
ophyll concentration on the WFS (Fig. 8b). The Case-
2-simulated chlorophyll concentration for the upper 5
m of the water column mimics the satellite estimates;
although the simulated nearshore surface results
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Fig. 8. Simulated and satellite-derived IOPs on the WFS on November 8, 1998. (a) Detritus and CDM absorption [a4g 412 nm (m™)]; (b) total
chlorophyll concentration (mg chl m™>); and (c) backscatter [by, 555 nm (m™")] on the WFS displaying the mean of the 30 lines transect, +/—
one standard deviation of the mean of 30 lines, the mean of lines 22-30 (Charlotte Harbor), and Case 1 and 2 simulated absorption (5 m average
and at the surface). The nearshore boundary i§ approximately the 10-m isobath on the WFS, and the boundary conditions were derived from
nutrient data collected during 1998 and 1999. '
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slightly exceed the satellite-derived estimates. The
vertical structure for Case 2 chlorophyll displayed a
maximal nearshore concentration of 5.59 mg chlam™3,

approximately 0 to 3 m deep gradually declining
offshore (Fig. 9d). The region of slightly elevated

chlorophyll concentration observed offshore at depth,
noted in Case 1, was also present in Case 2 results.
The cross-shelf gradient in SeaWiFS satellite-
derived backscatter was observed for both the entire
region and the Charlotte Harbor lines (Fig. 8c). With

Case 1 - No Pulse ,
CDM Absorption 412nm

Case 2 - Pulse
CDM Absorption 412nm

Day 312

Simulated Total Chlorophylt a d) Simulated Total Chlorophyll a mg chl a (mt3)

€) Simulated Backscatter mtDx 103 f)

60 50 40 30 20 10 0 60 50 40 30 20 10 0
Distance from 10m isobath Distance from 10m isobath

Fig. 9. Simulated vertical structure of the IOPs from EcoSim for the entire domain (a) CDM absorption (m™") for Case 1 (note: Case 1 and 2 use
different scales); (b) CDM absorption for Case 2; (c) total chlorophyll a concentration (mg chl m~>) for Case 1; (d) total chlorophyl! a
concentration for Case 2; {e) backscatter for Case 1 (m™"); and (f) backscatter for Case 2 on the WFS on November 8, 1998 (calendar day 312).
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the addition of terrestrial inputs, Case-2-simulated
backscatter paralleled the onshore to offshore gradient
of the satellite estimates, however, to a lesser extent.
Case-2-simulated backscatter exhibited a maximal
value of 0.0054 m™! nearshore, approximately 0 to 3
m deep gradually waning offshore (Fig. 9f). The noted
offshore peak in backscatter at depth in Case 1 was also
present in Case 2 results. ,

The simulated nearshore increases in absorption,
chlorophyll, and backscatter were confirmed not
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only by satellite imagery but also by ECOHAB

- Process Cruise D data from November 16--19, 1998.

-824

The freshwater pulses released into Charlotte Harbor
(November 4-22) were also visualized by ECOHAB
Process Cruise sampling of the region. Regions of
lower salinity water (30-33, compared to the
surrounding waters) were sampled by the ECOHAB
Process Cruise as they emerged from the barrier
islands of Charlotte Harbor (Fig. 10). Regions of
high chlorophyll fluorescence (as high as 10 pg chl

ECOHAB Process D Cruise Nov 16-19, 1998
Salinity

-823 -82.2 -82.1 -82.0

Fig. 10. Salinity measured near Charlotte Harbor during the ECOHAB Process D Cruise on November 16-19, 1998.
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17; Fig. 11) were colocalized with regions of lower
salinity. SeaWiFS imagery on November 8th also
displayed a region of elevated chlorophyll near
Charlotte Harbor (Fig. 7b) that correlates to a
maximal surface chlorophyll concentration of 1.14
mg chl m~> (data not shown) observed during the
ECOHAB Cruise. These in- situ samples provide

27.3

further evidence that (1) nearshore salinity fronts,
likely due to enhanced runoff and riverine dis-
charges, were present in the region and (2) regions
of elevated chlorophyll were colocalized with areas
of lower salinity water. These elevated chlorophyll
concentrations may be driven by in situ production
derived from elevated nutrient concentrations or

ECOHAB Process D Cruise Nov 16-19, 1998
Chlorophyll Fluorescence (mgl-1)
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Fig. 11. Chlorophyll fluorescence (ugl™?) sampled near Charlotte Harbor during the ECOHAB Process D Cruise on November 16-19, 1998.
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may simply be washed out chlorophyli from the
estuary. In either case, the organic supply of total
nutrients in DOM or POM form would drive
increased production after regeneration of the
DOM/POM pools, with a concomitant increase in

- biomass accumulation.

It should be noted that, on an annual basis most of
the CDM (sum of CDOC; and CDOC,), color was
produced via in situ ecological processes with an
increase in total annual integrated CDM between Case
1 and Case 2 of 22.4%; however, only 53.4% of this
increase (12.0% of the total annual integrated CDM)
in CDM concentration was the result of direct CDM
additions at the boundary. The remaining increase in
CDM was driven by additional ecological interactions

that resulted from increases in DOM and nutrients at -

the terrestrial boundary. These color addition esti-
mates may be on the low side, as the terrestrial
boundary conditions were simulated with just two
pulses of nutrients and color on DOY 267 and 309.
There may have been a more continuous supply of
terrestrial nutrients and organic color. In both cases,
>80% (83% and 87% Case 1 and Case 2, respectively)
of the total CDM was removed via advection out of
the model domain.

As previously mentioned, over 80 simulations
were completed. While details of all of these
simulations are beyond the scope of this paper, the
results from one simulation were particularly rele-
vant to this study. In this additional simulation
study, photolysis and photochemical reductions were
set to zero (Case 0-Photo), and all other parameters
and forcing were held as in the pulse case, Case 2
(as previously described). The average annual
percent reduction in total CDM concentration
between the Case 2 and 0-Photo simulations was
3.05%, reflecting the photochemical removal of
CDM in the Case 2 simulation. On DOY 159 and
312, these percent differences were —5.15% and
—3.90%, respectively.

These increases in CDM concentrations in the 0-
Photo simulation yielded small increases in spectral
absorption and small decreases in downwelling
irradiance. The average percentage decrease in inte-
grated E4 between the Case 2 and 0-Photo simulations
was 1.49%. On DOY 159 and 312, these percent
differences were —1.37% and —2.57%, respectively.
This reduction in Case 0-Photo E4 was matched by a

decrease in total primary production. Integrated
primary production for the Case 0-Photo year
decreased by 0.21%; and on DOY 159 and 312,
integrated primary- production dropped 0.10% and

. 0.91%, respectively. ‘

5. Discussion

The ability to predict the IOPs of the water
column is crucial in the effort to forecast or hindcast
model the ecological state of the water column. IOPs
are properties of the water column (absorption, beam
attenuation, and scatter) that are independent of the
geometry of the ambient light field. The IOPs of the

- water column may be directly related to the

concentration and composition of dissolved and
particulate materials of the oceans and may provide
the means to tie numerical state variables to
measurable quantities of water clarity and quality,
underwater visibility, particle composition, and pri-
mary production by phytoplankton. The interrelation-
ship between AOPs and IOPs is of critical
importance. If one can predict the IOPs of the water
column and couple these predictions with robust
radiative transfer models, then one can predict AOPs
such as attenuation and scalar irradiance. The
interactions between IOPs and AOPs provide the
means to approximate water column visibility and
primary productivity when directly coupled with an
ecological model that simulates spectral absorption
and quantum yield as a function of light and
nutrients (Bissett et al.,, 2001). This paper lays the
groundwork for hindcast modeling based on a series
of experiments conducted on the West Florida Shelf
in 1998. Two companion papers will follow, one
focusing on the phytoplankton composition (Bissett
et al., 2003) and another exploring the fitness of the
IOP model when combined with a more robust
radiative transfer model (Mobley, 1994) for predict-
ing the AOPs (Bissett et al., 2004a) on the WFS
during 1998. A key point to this current work is that
it does not focus on a reductionistic viewpoint of
modeling, choosing only a minimal set of parameters
and interaction equations to match a specific
validation data set. Instead, the focus was to try to
build a framework that would address both ocean
color and ecology across ‘transition zones (ecotones)
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and will therefore be more applicable to both coastal
and open ocean solutions. The goal was to develop
an ecological framework that may be nested into
larger physical models, which may then span from
basin to estuary solutions.

The typically oligotrophic WFS is a complex 4D
biogeochemical system that is affected by episodic
intrusions of the Loop Current, periodic terrestrial
inputs from freshwater sources, and possible organic
nitrogen supplied by nitrogen fixing cyanobacteria.
The faithfulness of a model simulation to replicate
the intricate balance of physical, biological, chem-
ical, and optical constituents of the coastal ocean is
dependent on accurately predicting each of these
components. An open ecological ocean model
developed by Bissett et al. (1997) was modified for
this nearshore environment. The complexity of this
enhanced ecological model may not fully be
displayed in the context of the modeled results
presented herein. The purpose for such a model is to
implement a realistic. simulation of the IOPs,
phytoplankton species, and the remote sensing
reflectance present on the WFS, so as to assist in
the prediction of the biogeochemical processes
present during extreme ecological events, i.e., black
water or harmful algal blooms. All of the mathe-
matical variables and functions presented herein may
seem superfluous when narrowly focused on the
effects of CDOM on the WFS; however, the
generation of this robust model conserves time and
resources by permitting the concurrent modeling of
the IOPs, AOPs, biological, and ecological state of
the water column. This multivariate model can be
used by a broad range of disciplines from ecological
modeling to biogeochemistry to the study of remote
sensing.

The ecological and optical results from this
simulation are directly dependent upon the physical
circulation model. Tt is clear that the WFS is a 4D
system (x, y, z, t; He and Weisberg, 2002a; He and
Weisberg, 2002b; Walsh et al., 2002; Walsh et al.,
2001), and its representation by a reduced dimension
system (x, z, £) will introduce uncertainties that make
exact comparisons to in situ data difficult. A direct
correlation study is thus difficult because the physics
and boundary conditions drive the 0- and 1st-order
solutions. Significant errors in the physics and
boundary conditions will drive errors outside of the

ecological coding. We seek to focus on two events
that will help focus on the “reasonableness” of the
ecological and optical results in light of the simulated
physical forcing and hopefully provide information on
the applicability that this ecological and optical
solution may have to the fully 4D WFS system. The
tests used here focus on the magnitude, time-lag
biomass, and optical property responses to physical
events compared to measured data with similar
hydrographic profiles as well as statistical compar-
isons between SeaWiFS-derived and simulated sur-
face pigments and optical properties.

The simulated biomass’ distribution and optical
constituents on the shelf are in good agreement with
observations in June. A simulated Loop Current
intrusion, represented by higher nutrient boundary
conditions coupled with along- and cross-shore
transport, led to an accumulation of biomass, which
appeared to be similar to an ECOHAB-sampled

-biomass peak. Nutrients from this modeled event

entered the model domain below 25 m (Fig. 3) at a
stoichiometric ratio of Si/N/P of ~14:14:1. The
sampled ECOHAB event showed chlorophyll stocks
reaching 6.58 mg chl m™> on June 12, 1998 (26.99
N, 82.75 W, ECOHAB station 34) at a depth of 20
m-27 km from the 10-m isobath. The maximum
simulated chlorophyll at depth on this day was ~3.3
mg chl m™>, found further offshore (Fig. 6c,d).
However, by mid-July, the maximum simulated
chlorophyll from the intrusion reached ~7.6 mg chi
m™> at a depth of 22 m, 30 km from the 10-m
isobath (data not shown), suggesting a temporal
difference in the simulated supply of nutrients and
the increase in chlorophyll biomass associated with
the measured Loop Current intrusion.

The Loop Current intrusion was simulated here as
strictly an offshore—onshore phenomenon; however,
the exact location of this intrusion may have been
farther to the north, with a subsequent transport down
the coast (Walsh et al., 2003). This, coupled with the
possible surface water flux from the north, suggested
that the history of the 3D measured water mass may
have been different than that of the simulated 2D
mass, with possible differences in phytoplankton

composition and biomass. These effects would cause

discrepancies between the simulated solutions and the
satellite estimates. Unfortunately, the entire ECOHAB
data set was not available for evaluation; the data set
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available to us for depth profile comparisons was very
sparse, and we did not have the means to compute
advanced statistical analyses over spatial or temporal
scales. However, we look forward to performing a
complete statistical analysis of our simulated results
with this data set when it becomes available.

A slight cross-shelf gradient observed in the
satellite imagery during June was indicative of a
nearshore input of color particulate and dissolved
organic matter as well as sediments (elevated by, 555).
This may have been in response to a large spring
discharge event (Fig. 2) associated with elevated total
nitrogen in the Peace River. Since this event was not

" simulated (nor any other spring and summer terrestrial
events), the simulated results show no near surface
cross-shelf gradient in IOPs. It would appear that a 4D
solution to color dynamics on the WFS would need to
include a more robust temporal solution for the
shoreward boundary condition than was included in
this simulation experiment.

Other differences between simulated surface and
derived satellite IOPs could have been the product of
subsurface features that may have impacted the
remote sensing data (a follow-up manuscript will
describe the impacts of the vertical structure of the
simulated IOPs on the remote sensing reflectance
signal; Bissett et al., 2004a). The discrepancies may
also be more of a function of the overall physical
solution of the model. In addition, there appeared to
be a continuous mass of surface water from the north
with increased colored absorption and chlorophyll
about 50 km from the shoreward boundary (Figs. 4a,b
and 5a). It is interesting to note that there was a
SeaWiFS backscattering peak that corresponded to the
peak in measured chlorophyll approximately 27 km
from the shoreward boundary, yet this was not noted
in the SeaWiFS estimates of chlorophyll a. This may
suggest a difference in optical depth sensitivity
between the SeaWiFS backscatter and chlorophyll
algorithms.

Elevated nearshore CDOM measured by AC-9 data
from the October ECOHAB Process Cruise suggested
‘absorption values of approximately 0.4 m™! (in line
with the simulated results) was found at salinities of
~33 in this region (data not shown). These salinities
were recorded in the near-bottom waters at the EC-6
mooring located off the mouth of Charlotte Harbor in
November (University of South Florida Coastal

Ocean Monitoring and Prediction System, 2004).
Modeled results were reasonably accurate in replicat-
ing the observed cross-shelf gradient in TOPs present
on the WFS (modeled results were within one
standard deviation” of the mean of the SeaWiFS
estimates for the entire region).

On November 8th, simulated chlorophyll concen-
trations closely correlated with the satellite imagery.
However, an interesting result was that the simulated
backscattering estimate was far less on November 8th
than estimated from the satellite imagery. Since back-
scattering in this model was driven by chlorophyll
concentrations, this result suggests that a large fraction
of the total backscattering in the nearshore environment
is driven by particulate matter other than phytoplank-
ton. Since this event occurred just after the landfall of
Tropical Storm Mitch, it is reasonable to assume that
there was a large amount of sediment in the shallow
waters. These shallows were much closer to the satellite
lines near Charlotte Harbor than to the north near .
Tampa Bay, possibly accounting for the large differ-
ences observed between the Charlotte Harbor and the
entire domain estimates. The resuspended sediments
may have also been delivered from inside Charlotte
Harbor, as there were increased fresh water fluxes
during this period. This result clearly suggests that
sediment resuspension can substantially contribute to
the IOPs following high-energy events and should be
carried as an additional state variable in this model.

The nearshore-simulated absorption and chloro-
phyll on November 8th were higher than the one
standard deviation lines of the nearshore satellite data
and were likely a result of the physical forcing of the
model (Fig. 8). During the months of September and
October, downwelling conditions prevailed on the
WFS as well as in the simulation. Downwelling
conditions generated a situation whereby the simu-
lated pulse event, released at the end of September,
was driven downward and offshore (data not shown).
The simulated detritus and CDM absorption results in
November were impacted by the simulated downwel-
ling conditions that prevailed during the month of
October that drove this early pulse downward and
offshore. When the simulated winds reversed direc-
tion at the end of October/beginning of November, the
colored matter from the DOY 267 pulse was carried
upwards and onshore at nearly the same time as the
second pulse event on November 5th (DOY 309). The
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additive effect of these two occurrences led to a
collection of detrital matter and CDM nearshore in
shallow waters, resulting in an overestimation of
simulated absorption on November 8th.

In spite of these higher nearshore simulated results,
itis clear that the CDM pool in Case 1 is not sufficient to
replicate the concentrations observed nearshore. How-
ever, when terrestrial CDM and nutrients were avail-
able at the shoreward boundary in the Case 2 study, the
observed phytoplankton biomass as well as the vertical
structure of the IOPs, is more robustly reproduced. The
riverine-derived colored organic matter associated with
freshwater discharges from the Peace and Caloosa-
hatchee Rivers have also been shown to have a
considerable impact on the absorption of the surround-
ing coastal waters (Del Castillo et al., 2001). Its
inclusion as a separate state variable allows for the
direct modeling of a simulated terrestrial nutrient and
color addition providing a data set with which to
confirm both the physical and ecological model.

On the WFS, the chromophoric compounds in
DOM play a vital role in the surface waters by
strongly absorbing UV radiation. Upon the absorp-
tion of sunlight, this CDOM can undergo a series of
chemical reactions (photodegradation) yielding labile
DOM, which can be rapidly assimilated by bacteria
stimulating bacterial reproduction and regeneration
of nutrients, which in turn may stimulate the
production of phytoplankton (Bissett, 1997; Bissett
et al., 1999b). In this simulation, changes in the
labile-colored dissolved organic carbon (CDOC;)
pool were driven by the photochemical destruction
of colored organic matter and by the supply via lysis
and grazing of phytoplankton and bacteria. At first
brush, the impacts of the photochemical destruction
cycle on total IOP distributions appear to be limited.
However, this result was mainly because most of the
CDM losses were via advection out of the domain of
the model. This may suggest that mixing of
terrestrial waters on the shelf may be an important
supply of color beyond the 40-m isobath. A more
complete 4D .solution over the larger domain of the
WFS would require that these loss processes be
included to match the spatial and temporal evolution
of the CDM signal. The explicit inclusion of CDOM
concentrations, including terrestrial supplies, and the
in situ biochemical production cycle were required to
match IOP distribution on the WFS.

The delivery of terrestrial material via rivers is a
potentially large source of allocthonous nutrients
(inorganic and organic) capable of greatly influencing
primary productivity and total ocean color in local
coastal regions, and CDOM appears to be a viable
marker for tracking color and terrestrial nutrient
sources from the land to coastal communities. The
WFS is characterized by high salinities and low
CDOM, making it an excellent candidate to evaluate
the effects of terrestrial CDOM on the nearshore
environment. It has been shown that the West Florida
Shelf is greatly influenced by the input of CDOM
from river sources during strong freshwater pulse
events (Del Castillo et al., 2001). Carbon from
terrestrial sources, via rivers, is a major component
of the global carbon cycle. It has been estimated that
approximately 40% of the 1 Gt of carbon flux is
accounted for by organic carbon (Degens et al., 1991;
Meybeck, 1993; Probst et al.,, 1994). In this model,

.the dissolved organic carbon (DOC) flux simulated at

the nearshore boundary is estimated, based on nutrient
concentrations in Charlotte Harbor and the adjacent
rivers, to be approximately 397 pM DOC on the pulse
day. This is 81% of the DOC concentration found in
the lower Mississippi River, which has been estimated
to be 489 uM DOC (Bianchi et al., 2004). While the
magnitude of discharge flushed out onto the WFS is
small compared to the Mississippi (only 3.5% that of
the average discharge from the lower Mississippi
River; Bianchi et al,, 2004), the area surrounding

. Charlotte Harbor is commensurately smaller, and this

is a significant amount of organic matter released to
this small area. The results presented here demon-
strate that significant riverine organic carbon fluxes
released to the WFS have the potential for powerful
ecological effects, including a dramatic increase in
dissolved color as simulated by the increase in CDM
absorption at the shoreward boundary (in November,
the pulse case compared to the no-pulse case) as well
as the establishment of high chlorophyll concentra-
tions nearshore directly following a terrestrial nutrient
addition. The exclusion of these terrestrial impacts
from a simulation experiment of phytoplankton
production would thus appear to be of limited value
to the ecological understanding of this region of the
WES.

The ability to track CDOM from terrestrial
sources to the ocean is also of concern in the
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global carbon cycle. This model allows for the
tracking of allochthonous as well as autochthonous
CDOM sources. The use of biooptics to track
terrestrial water sources is not a new concept. In the
past, it has been used to determine the amount of
terrestrial CDOM discharged by the Orinoco River
and the impacts of this color constituent on the
Caribbean during high flow conditions (Blough et
al., 1993; Miiller-Karger and Varela, 1990; Miiller-
. Karger and Castro, 1994; Miiller-Karger et al,
1989). The impacts from the Mississippi River are
shown in this volume (Chen et al., 2004). In the
Neuse River Estuary in North Carolina, periods of
high flow, rainfall, and runoff, such as after
Hurricane Fran, were associated with enrichment
of the estuary by organic matter (Paerl et al., 1998).
The optical properties of river CDOM provide the
advantage of allowing for the monitoring and
tracking of the surface circulation of freshwater
from river runoff in the St. Lawrence Estuary in
Canada (Nieke et al.,, 1997). These are but a few of
the examples where the color from terrestrial
CDOM has been used to illuminate the importance
of terrestrial/coastal ocean interactions.

The results seem to confirm that, on the whole,
the West Florida Shelf is a light-rich, nutrient-poor
regime, i.e., light-saturated primary producers, and
the decrease in total spectral photon densities of
1.5% in the Case 0-Photo was not matched by the
0.2% decrease in primary production. A truer
measure of light saturation would be to incorporate
the average photosynthetic action spectra into this
calculation. However, the reduction in 0-Photo
spectral light is in the blue end of the spectrum,
as CDM absorption peaks in the visiblé at 400 nm.
Thus, the removal of photons resulting from an
increase in CDM concentration in the 0-Photo case
would have expected to be blue-rich, making this a
conservative estimate of average light saturation.

In this study, CDOM is used as both a tool to
help track and estimate terrestrial fluxes as well as a
diagnostic variable to test internal ecological inter-
actions. These results demonstrate the importance of
accurately modeling the optical components of the
water column (Case 1 vs. Case 2 results) so as to
shed light on the importance of CDOM in the
prediction and monitoring of rivers as terrestrial
nutrient sources in the nearshore environment.

Along with these predictions, this model also
demonstrates that, on the WFS, refinements to the
ecological and biogeochemical components are also
necessary (e.g., non-Redfield stoichiometry, photo-
adaption, and various phytoplankton species) to
accurately hindcast or forecast the ecological state
of the WFS. This paper is the first of many small

- steps to address the larger goals of integrated 4D

changes in coastal ocean color and biogeochemistry.

6. Summary

This biophysical model attempts to represent the
ecological state of the water on the WFS in column
in the summer and fall of 1998. This model
accounts for phytoplankton competition, bacterial
processes, DOM and CDOM cycling, particulate
and dissolved organic regeneration, and the cycling
of optical properties on the West Florida Shelf. The
explicit use of Inherent Optical Properties allows us
to directly compare the results of the simulations to
ocean color remote sensing products. The model
and simulation results provide a good basis from
which to expand our use of remote sensing as a
means of estimating and predicting the ecological
dynamics of the coastal zone.

" The strong nearshore to offshore color gradients
do not appear to be driven by Loop Current
intrusions into the nearshore environment; however,
this result is tempered by the use of a 2D
simulation. The Case 1 simulation results, which
have no terrestrial influences, were generally all
below the mean of the satellite-estimated CDOM
absorption and frequently below the threshold of
one standard deviation. Results from this model
suggest that the terrestrial influx of color and
nutrients, represented by the Case 2 example, must
be included in any simulation of color and ecology
within the 40-m isobath on the WFS. This strongly
suggests that efforts to predict the color and clarity
of the water column require the accurate resolution
of fresh water fluxes and the concomitant inorganic
and organic nutrient and color constituents. In
addition, it also suggests that biogeochemical
cycling, i.e., carbon cycling, may require the
resolution of variable stoichiometries of carbon
and nutrients supply, uptake, and regeneration in
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order to predict carbon fluxes in the coastal zone. If
these results hold for larger 4D simulations,
ecological models that seek to forecast important
ecological events, i.e., Harmful Algal Blooms, will
be required to incorporate terrestrial fluxes as well
as the nonstoichiometric relationship between
nutrients and color.
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Table A.1
Initial conditions

State variable Concentration

(umol liter™)

Total phytoplankton carbon 0.84
Total bacterial carbon - 0.85
Fecal carbon 1 0.002
Fecal carbon 1 . 0.002
Dissolved organic carbon 1 2.75
Dissolved organic carbon 2 55.0
Colored dissolved organic carbon 1 0.636
Colored dissolved organic carbon 2 0.057
Nitrate 0.25
Ammonia 0.025
Silicate 0.25
Phosphate 0.0172

Iron 0.001

Table A.2

Phytoplankton functional groups

Group Species type References

number -

FG 1 Prochlorococcus (Moore et al., 1995;
(high chl b) Partensky et al., 1993)

FG2 Prochlorococcus {(Moore et al., 1995;
(low chl b) -Partensky et al., 1993)

FG3 Synechococcus (Barlow and Alberte, 1985;
Glibert and Ray, 1990;
Kana et al., 1992;
Kana and Glibert, 1987,
: Moore et al., 1995)
FG 4 Generic large (Cleveland and Perry, 1987;
diatom Geider and Osbome, 1987,
Geider and Platt, 1986;
Haxo, 1985; Hoepfiner
and Sathyendranath, 1992;
Jeffrey, 1976; Laws and
Bannister, 1980; Perry et al.,
1981; Schofield et al., 1990)
FGS5 Generic small diatom  (Geider et al., 1985; Reynolds
(<5 pm diameter) et al,, 1997)

FG 6 Toxic dinoflagellate (Johnsen and Sakshaug, 1993;

(cum Karenia brevis)  Shanley and Vargo, 1993)
FG7 Generic nontoxic
dinoflagellate

anonymous reviews of this manuscript were invalu-
able in increasing the quality of this paper.

Appendix ‘A. Initial conditions and ecological
parameters

The ecological model was initialized with con-
stant concentrations over the domain (Table A.1).
The total phytoplankton concentration was equally
divided among the seven functional groups (Table
A.2) and their C/y ratios used to establish the other
elemental state variables were given by the mini-
mum levels for each functional group found in the
functional group parameters table (Table A.3),
where y represents nitrogen, silica (where applica-
ble), phosphorus, and iron. The initial C/y ratios for
bacteria were 5:60:1000 for nitrogen, phosphorus,
and iron, respectively. The initial C/y ratios for fecal
matter were 8:8:128:1000 for nitrogen, silica,
phosphorus, and iron, respectively. The initial C/y
ratios for DOC1 were 6.625:106 for nitrogen and
phosphorus, respectively. The initial C:y ratios for
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Table A.3
Phytoplankton parameter values
FG 1 FG2 FG3 FG 4 FG 5 FG 6 FG7
pum 1.28 1.45 2.00 3.70 3.70 1.00 2.00 i
Konos 0.100 0.100 0.167 0.824 0412 0.824 0.824
Koms . 0.050 0.050 0.083 0414 0.208 0414 0.414
Kssio N/A N/A N/A 1.824 1412 N/A N/A
Kepos 0.00625 0.00625 0.01044 0.05150 0.02575 -0.05150 0.05150
Kre N/A N/A N/A N/A N/A N/A N/A
Kopon N/A N/A N/A N/A N/A 2.0 2.0
Kipor N/A N/A NA N/A N/A 2.0 2.0
] 12.00 12.00 6.50 1.28 2.60 . 1.28 1.28
Max C:N 6.625 6.625 6.625 14.000 17.750 17.000 17.000
Min C:N 6.625 6.625 6.625 6.625 6.625 6.625 6.625
Max C:Si N/A NA N/A 5.521 5.521 N/A N/A
Min C:Si N/A N/A N/A 5.521 5.521 N/A N/A
Max C:P 106.0 106.0 106.0 106.0 106.0 130.0 130.0
Min C:P 106.0 106.0 106.0 106.0 106.0 106.0 106.0
Max C:Fe N/A NA N/A N/A N/A N/A N/A
Min C:Fe N/A N/A N/A N/A N/A N/A N/A
Kpon C:N N/A N/A N/A N/A N/A 14.0 14.0
Kepop C:P N/A N/A N/A N/A ‘ N/A 110.0 110.0
Om 0.0833 0.0833 0.0833 0.0833 0.0833 0.0833 0.0833
Eg comp ° 1.0 6.0 ‘ 6.0 10.0 10.0 10.0 10.0
Eo_inhibit 40.0 105.0 10000.0 10000.0 10000.0 10000.0 10000.0
Decay rate 0.100 0.001 0.000 0.000 0.000 0.000 0.000
On_max 100.0 150.0 160.0 60.0 42.0 " 1240 124.0
Slopegn 0.8000 0.3000 - 0.1000 0.1200 0.1144 0.4779 0.4779
Oon 20.00 15.00 30.00 25.00 14.80 47.53 47.53
Slopegni - NA N/A N/A 12.20 6.832 10.35 10.35
Oom N/A N/A N/A 60.0 42.0 124.0 124.0
Slopepaces N/A N/A N/A 0.01429 0.01838 N/A N/A
MaxXpacesr N/A N/A N/A 0.50000 0.50000 N/A N/A
Slopegcmp —0.02 —0.00100 N/A N/A N/A N/A N/A
{cu 24 0.2 N/A N/A N/A N/A N/A
Slopezcnic N/A N/A NA —0.00136 —0.00120 0.00000 0.00000
{enic N/A N/A N/A 0.340 0.340 0.056 0.056
| Slopegpsc N/A N/A N/A —0.012 —0.0104 0.0000 0.000
| {psc N/A N/A NA 2.000 2.000 1.106 1.106
| Slopegprc 0.0138 0.0162 0.0090 0.0000 0.0000 0.0018 0.0018
{epc 0.3000 0.3000 0.3000 0.1000 0.1000 0.1600 0.1600
slopezr pup N/A N/A N/A N/A N/A N/A N/A
{1rub N/A N/A N/A N/A N/A N/A N/A
Slopegrun N/A N/A —0.1300 N/A N/A N/A NA
Cupun N/A N/A 20.000 N/A - NA N/A N/A
FecDOC 0.41670 0.41670 0.41670 0.33330 0.33330 0.33330 0.33330
FecPEL(1) 0.08335 0.08335 - 0.08335 0.16670 0.16670 0.16670 0.16670
FecPEL(2) 0.08335 0.08335 ©0.08335 0.16670 0.16670 0.16670 0.16670
FecCYC 0.41660 0.41660 0.41660 0.33330 0.33330 0.33330 0.33330
e 0.005 0.005 0.005 0.005 0.005 0.005 0.005
ws 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Mortality 0.01 0.01 0.01 0.01 0.01 0.01 0.01

Refuge 0.02 0.02 0.02 0.02 0.02 0.02 0.02
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DOC2 were 15:106 for nitrogen and -phosphorus, »

respectively. Temporal offshore boundary conditions
can be seen in Fig. A.1. The shoreward boundary
conditions used on DOY 267 and 309 are in Table
A.5. Parameters not listed in Tables A.1-A.5 are

‘given in Bissett et al., 1999a,b.

Appendix B. Physical circulation model
B.1. Physical Model

The earlier work of Mellor (1998), Hamilton and
Rattray (1978), and Leendertse et al. (1973) were
instructive in constructing the physical model. A
modified Bott’s positive-definite numerical advection
scheme (Easter, 1993) is used and the cross-shelf

Table A4

Other state variable parameter values

State variable Value
Bacterial

HBm b R 2.0
Bac C:N 5:1
Bac C:P 12:1
Bac C:Fe 1000:1
K Bpoci 130.0
K Bumas 26.0
K ppwe 10.833
K prre 2.6
GGE. 0.300
GGE, 1.000
e 0.040
€pn 0.005
Maximum 24 h AtoN 0.040
Konit 0.100
Wep 0.000
BacDOC ' 0.4583
.BacPEL(1) 0.0834
BacPEL(2) 0.0000
BacCYC 0.4583
Fecal

WsF1 0.00
WsF2 Infinite
Dissolved organic matter

colorFR, 0.0323
colorFR, 0.0930
RfUVDOC 0.0034
RUVDIC 0.0193
a*CDOC, 5.080
a*CD0C, ) . 5.080
Suv 0.0145

Table A.5
Inshore boundary conditions for pulse case. Concentrations were
added to state variables on DOY 267 and 309

State variable

Concentration
(umol liter™!)

Dissolved organic carbon 1 397.263
Dissolved organic nitrogen 1 20.054
Dissolved organic phosphorus 1 . 13
Colored dissolved organic carbon 1 0.82
Colored dissolved organic carbon 2 8.2
Nitrate 0.947
Ammonia 1.309
Silicate 9.46
Phosphate 0.867
Iron 0.003

density gradient is a prescribed term independent of
depth and the offshore coordinate. The physical model
is formulated as a diagnostic model, and the velocity
field is forced to adjust to the prescribed density field.
The hydrostatic and Boussinesq approximations are
invoked. Linear dynamics are assumed outside of the
nonlinear bottom stress formulation.

Assuming that all alongshore gradients may be
neglected, and ignoring nonlinear advection pro-
cesses, the governing equations are:

ili =25 ”B_pdz_ _8_11
ot Po J: 0x dx

+—E)B—ZKM2—LZI +Kx‘g% (B.1)
%; +fu =-:—ZKM%§ +Kx-g% (B.2)
%V- +%;f =0 (B3)
-2—’3 = _58; ::1 udz (B.4)

where: x, y, z: Cartesian coordinates with x positive

offshore, y positive down coast and z positive upward;

t: time; u, v, w: velocity components in the x, y, z
directions, respectively; #: sea surface elevation, p:
density, p,: reference density(1023.0 kg m™3); f
Coriolis parameter (6.47x107° s7%); g: gravity(9.81
m? s~1); Ky: vertical turbulent eddy viscosity(10 cm?
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s™1); Kx: horizontal turbulent eddy viscosity(1 x10*
cm? s7Y); A: depth of the water column relative to
mean sea level.

The equation for the sea surface elevation, 0, is
derived from the surface boundary condition on w in
Eq. (B.3) and is given by Eq. (B.4).

du v T Ty '
Kvm{ — =\|—=,-= B.S
M<az,az)z:r’ (p01p0> ( )

(e, 1)) = paCs (U2 + V2) (U, 72) (B.6)

C, = 0.934 x 107 +0.788 x 107 (U2 + ¥2)'/?

= 0.616 x 1076(U? + 72) (B.7)

du ov 2
e = e = 0.0025
KM( 52355 )z=-h Ca(uy + v) (un, ) = 0.0

(B.8)

n= L‘t/(gh)l/2 (B.9)

The vertical boundary condition at the surface in
Egs. (B.1) and (B.2) is given by Eq. (B.5). The wind
stress components, T,, and 1, are calculated from
Egs. (B.6) and (B.7), where p,=1.255 kg m™ is the
density of air, U, and V, the cross-shelf and along-
shelf components of the wind, respectively, and the
surface drag coefficient, C;, is from Hellerman and
Rosenstein (1983) ignoring air-sea temperature
differences. '

The boundary condition at the bottom of the water
column is given by Eq. (B.8), where uy, and vy, are the
velocity components in the bottom most layer of the
water column. Momentum is lost through bottom
friction and also through lateral friction along solid
boundaries where the normal or # component is set to
zero and a no slip condition is prescribed for the
tangential or v component of the flow.

Following Hamilton and Rattray (1978), the
condition at the open offshore boundary is given
by equation B.9, where i is the depth averaged flow
adjacent to the boundary. This condition permits
surface gravity waves to propagate out of the domain
without reflection. For the lateral friction terms, a slip
condition is prescribed on the tangential component of

the flow, and the eddy flux of momentum of- the
component normal to the boundary is set to zero.

B.2. Numerical methods

The cross-shelf transect for the physical model
extended 170 km offshore to the 150-m isobath. A
minimum depth of 10 m was prescribed at the coast.
The vertical increment of the finite difference grid,
Az, was 1 m, and the horizontal increment, Ax, was
1 km. With a fixed Az, the number of active layers
varied with the bottom depth, giving the bottom
topography ‘a staircase representation. The finite
difference grid was staggered, with 7 at cell centers,
u and v at cell interfaces +Ax/2 from cell centers, and
w at cell interfaces +Az/2 from cell centers.

The centered leapfrog technique was used to step
forward in time with the diffusion terms lagged one
time step for computational stability. A time filter
(Asselin, 1972) was used to prevent decoupling of

“the solution at odd and even time steps. Spatial

gradients were approximated by centered differences.
A time step of 10 s was used, dictated by the CFL
condition (Roach, 1976), based on the speed of
surface gravity waves.

B.3. Model runs

The physical model was used to calculate quasi-
steady monthly flow fields. This was accomplished

Table B.1

Resultant wind stress magnitude in Pascals (x1072), wind stress
direction in degrees from true north, and cross-shelf density gradient
(kg m™*x107°)

Wind stress Density

Magnitude 'Direction Gradient
January 0.1 359 0.9
February 0.9 289 0.5
March 0.3 350 13
April 1.3 237 1.4
May 1.9 263 1.3
June 1.9 276 1.3
July 0.9 274 12
August 0.1 354 0.7
September 0.9 150 1.1
October 0.6 038 0.7
November 0.3 029 —0.03
December 0.6 027 0.0




230 W.P. Bissett et al. / Marine Chemistry 95 (2005) 199-233

by stepping the model equations forward in time for
720 h of simulated time, holding the wind stress
and density constant. Monthly resultant wind stress
components were calculated using hourly or 3-
hourly wind data from Tampa International Airport.
The density field was input as a constant cross-shelf
gradient, independent of depth or distance offshore.
These gradients were derived from cross-shelf
averages of depth-averaged densities from 1998/
1999 hydrographic data on the West Florida shelf.
The monthly values for the wind stress and density
gradients are given in Table B.1.

For the biological model calculations, the two
dimensional velocity components, ¥ and w, were
interpolated at each time step from corresponding
quasi-steady monthly fields. Steady, mass conserva-
tive flow fields were obtained by adjusting the
interpolated u field using Eq. (B.3), progressing
from the coast where =0 to the 40 m isobath and
forcing w=0 at the sea surface.
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